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Abstract: We examine the possibility that accretion of Dissipative Dark Matter (DDM)
onto Active Galactic Nuclei (AGN) contributes to the growth rate of Super Massive Black
Holes (SMBHs). Such a scenario could alleviate tension associated with anomalously large
SMBHs measured at very early cosmic times, as well as observations that indicate that the
growth of the most massive SMBHs occurs before z ∼ 6, with little growth at later times.
These observations are not readily explained within standard AGN theory. We find a range
in the parameter space of DDMmodels where we both expect efficient accretion to occur and
which is consistent with observations of a large sample of measured SMBHs. When DDM
accretion is included, the predicted evolution of this sample seems to be more consistent
with assumptions regarding maximal BH seed masses and maximal AGN luminosities.
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1 Introduction
Several well established observations indicate that Dark Matter (DM) behaves mostly as a
cold and collisionless gas.
A combination of theoretical prejudice, related to the hierarchy problem of the Standard
Model of particle physics, together with the principle of Occam’s razor, has traditionally led
to consider DM as a single, weakly-interacting, gravitating particle. In the past few decades,
most theoretical and experimental efforts have centered around this kind of particle, largely
overlooking other possibilities.
The situation has changed in recent years. With the lack of experimental evidence for
DM or for a solution to the hierarchy problem, light DM residing in a low-scale “dark sector”
has attracted significant attention [1–18]. The low, sub-GeV, mass scale arises both theo-
retically and observationally: from the theoretical viewpoint, many production mechanisms
that explain the observed relic abundance, require DM to have a low mass and possibly
to interact strongly within the dark sector (see, e.g., [19–30]); from the observational per-
spective, several discrepancies with N-body simulations suggest that DM may have rather
strong self-interactions [31–34]. Such interactions are likely to be mediated by light states,
pointing again to the possibility of a strongly, self-interacting light dark sector.
The presence of a complex, low mass dark sector not only predicts self-interactions, but
often allows for multiple DM states, some of which may experience significant dissipative
forces due to the emission of light particles (such as dark photons). While only a small
fraction of the DM, . 5% [35], can be dissipative, it has been shown that such a com-
ponent may result in interesting phenomenological and measurable consequences. So far,
dissipative DM has been studied mostly in relation to galactic structure [35–44] and CMB
signatures [45, 46]. It is natural to ask whether one can constrain or discover dissipative
DM using small-scale structures.
In this paper, we make progress in this direction by studying Active Galactic Nuclei
(AGN). AGN are currently understood as Super Massive Black Holes (SMBHs) at the
centers of galaxies, which are undergoing an active phase of accretion of matter [47]. It is
believed that baryonic matter forms an accretion disk that surrounds the BH. By losing
angular momentum, this matter falls into the BH, feeding it, while at the same time releasing
radiation to the surroundings. Although the accretion mechanism has been investigated for
the past few decades (for an introduction and references, see for example [47–50]), accretion
disks are not well understood [51–55]. In particular, a first principle understanding of the
origin of the viscosity, necessary for angular momentum loss and consistent with maintaining
a steady state disk, is still lacking [56–58]. Instead, a phenomenological approach is often
used, utilizing the so called α-disk prescription [59], which encapsulates in a single parameter
our ignorance about the microscopic properties of the viscosity.
Independent of the detailed understanding of accretion disks, some interesting conun-
drums arise observationally. In particular, standard accretion models seem to be in tension
with the fact that some BHs, in AGN observed at redshifts z ∼ 4 to 7, are more massive
than 109 M [60–62]. Known mechanisms for BH formation at z ∼ 20−30 allow a maximal
seed mass of about 106 M [63, 64] (see discussion below). Despite the exponential rate of
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accretion predicted by the simple scenario where M˙BH ∝ MBH, such accretion still fails to
grow the largest observed SMBHs fast enough to match their measurements at z ∼ 4 − 7.
This discrepancy could conceivably be relaxed by taking into account merger events [65],
or assuming periods of super-Eddington growth [66]. However, it remains unclear whether
these options provide a satisfactory solution to the observations. Therefore, it is of interest
to explore alternative scenarios.
The presence of a strongly, self-interacting dark sector, provides the possibility of ad-
dressing the issue outlined above even if this sector is only a subdominant component of
the total DM mass density1. If the DM in such a sector has ultra-strong self interactions
(σ/mDM ∼ 105 − 107 cm2/g), it could seed much larger BH masses at early redshifts via
gravothermal collapse [67]. Furthermore, if this DM component is also dissipative, and for
more moderate interaction strengths (σ/mDM ∼ 1 cm2/g), it can contribute to the growth
rate of SMBHs, just as does baryonic matter, and as was mentioned recently in [68]. We
further explore the latter option in this study, under the assumption of a dark sector that
is sufficiently similar to our visible sector such that disk formation and viscous accretion
might be expected to behave similarly in both sectors. Under this assumption, we identify
the additional necessary conditions that the dark sector must satisfy in order to contribute
to SMBH accretion. We find regions in the dark sector parameter space which relieve some
of the tension described above and which are consistent with SMBH mass observations.
Furthermore, we find that for some regions within the consistent parameter space, accre-
tion in the hidden sector is expected to occur mainly at high redshifts (z & 6), a feature
which is in agreement with recent observations [69] and which remains largely unexplained
in the standard accretion scenario. This study lays the ground to a more detailed analysis
in the future, and offers a new direction to probe and discover dissipative dark matter.
The paper is organized as follows. In Sec. 2 we briefly review the basic physics of
BH accretion and describe the current observational status. In Sec. 3 we discuss a simple
toy model for dissipative DM. In Sec. 4 we study the conditions for the formation of a
dissipative DM accretion disk, and quantify the contribution from such a disk to the BH
growth rate. We conclude with some brief remarks in Sec. 5.
2 Supermassive Black Holes: Observations and Challenges
SMBHs are believed to be the result of accretion onto “seed” BHs, which are formed at
high redshift [64, 70]. There exist three main candidate mechanisms for seed formation: (i)
remnants of population III stars [71] resulting in BH seed masses, Mseed, in the range of
10 – 100 M, at z ' 20 − 50; (ii) direct collapse of primordial gas clouds [72] resulting in
masses as large asMseed ∼ 106 M2, at z ' 5−10; (iii) merging of dense stellar clusters [73]
resulting in masses up to Mseed ∼ 103 M, at z ' 10− 15. As material falls into the BHs,
1The requirement of a subdominant component allows this self-interacting DM to evade current bounds
from other measurements.
2Although the upper limit of Mseed ∼ 106 M is achievable via this mechanism, the same study [72]
predicts that not all such collapses terminate with a SMBH of maximal mass. Thus, it should be expected
that many SMBH seeds are far less massive.
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these seeds grow and, by redshift z < 7, some of them are observed to have acquired masses
larger than 109 M [60, 74, 75]. Currently, there is no completely satisfactory explanation
of the accretion process.
There are a number of mechanisms for accretion of matter onto a SMBH. In its simplest
form, gas particles that have a velocity smaller than the escape velocity from the BH, fall
towards the BH in the radial direction. This is known as Bondi accretion [76], but is
inefficient when the infall process must also overcome an angular momentum barrier. It is
therefore important to have a mechanism for the removal of angular momentum in order
to create a substantial BH growth rate. Even though a detailed understanding of such a
mechanism is still lacking, it is widely believed that accretion disks form around BHs in
AGN and fuel their growth. A full understanding of the viscosity is still lacking and it is
common to introduce a parameter, α, that encodes the unknowns in the microphysics of
the gas and relates the viscosity to macroscopic parameters: the height of the disk and the
speed of sound. The resulting family of models are referred to as α-disk models [59].
2.1 Basic AGN Concepts
A simple picture consists of a thin accretion disk, with a sub-parsec radius. The disk
contains ionized gas which, due to viscosity, loses angular momentum and falls towards the
BH. As matter falls into the BH, part of its gravitational potential energy is converted into
radiation, which is observed as the AGN luminosity,
L = −ηM˙disk . (2.1)
Here η is the radiative efficiency, which ranges from 0.057 to 0.42 [77] and depends solely
on the BH geometry, Mdisk is the disk mass, and the overdot denotes a time derivative.
Conventionally, L has an upper limit, the Eddington luminosity, corresponding to the con-
figuration in which the outward radiation pressure equals the inward gravitational pull3,
LEdd = 4piGN
MBHmp
σT
, (2.2)
where GN is Newton’s constant, MBH the BH mass, mp the proton mass and σT the
Thomson scattering cross section. The BH accretion rate can be written as
M˙BH = −(1− η)M˙disk = 1− η
η
L
LEdd
MBH
τSal
, (2.3)
where
τSal ≡ σT
4piGNmp
' 4.5× 108 yr (2.4)
is the Salpeter time [78]. The accretion is not necessarily continuous. In general, there are
active and inactive phases for a galactic nucleus, called duty-cycles. In this study, we are
3This expression is obtained under the assumption of spherical accretion, which is not the case for
accretion disks. However, observed AGN luminosities rarely exceed the Eddington limit, and even then, by
no more than an order one factor. This result is therefore commonly used in the literature and provides a
conservative limiting rate at which accretion can occur even in the case of disk geometries.
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mostly interested in the long time behavior, in which case these phases can be taken into
account by using a time-averaged growth rate,
〈M˙BH〉 = 1− η
η
L
LEdd
MBH
τSal
D , (2.5)
where 0 < D < 1 is the (time averaged) duty cycle. Its value can be inferred statistically,
at various redshifts, by measuring the BH mass distribution of active galaxies at different
cosmic epochs. Under the assumptions of η = 0.1 and either constant L or constant L/LEdd,
measurements point towards values of D on the order of O(0.1) at z . 6 [60].
Studies show that the value of L/LEdd could change as a function of redshift and BH
mass. Specifically, it is predicted that there could be an anti-correlation between MBH
and L/LEdd [79–83]; however, a common assumption in the literature is that of a constant
L/LEdd [60, 84]. Under this assumption, the luminosity (and therefore the accretion) scales
with SMBH mass, resulting in an exponential growth rate of the mass. Consequently, the
time for a BH to grow to a mass MBH from the initial Mseed follows from Eq. (2.5),
tgrow =
τSal
D
η
1− η
(
L
LEdd
)−1
ln
(
MBH
Mseed
)
. (2.6)
From Eq. (2.6), one can derive an upper bound on the growth rate by taking D = 1.
2.2 AGN Observations
There are a number of methods to measure SMBH masses in distant galaxies. One of
these methods, known as reverberation mapping, is based on spectroscopic data rather
than on total AGN luminosity and is considered to have relatively lower uncertainties. A
large number of such luminosity-independent BH mass measurements were performed in
Refs. [60, 85–88]. The study of Ref. [60] provides a sample of 40 AGN, measured at redshift
z ∼ 4.8. In this sample, the mean BH mass is ∼ 8×108M and the mean value for L/LEdd
is ∼ 0.6. Under the assumption of constant L/LEdd and setting η = 0.1, the authors
found that many of the measured SMBHs require extremely large seed masses. Specifically,
if one considers the most optimistic (albeit unlikely) scenario with duty cycles of unity,
D = 1, and η = 0.057, then 7 out of the 40 AGN which were studied require a seed mass
larger than Mseed > 104 M at z = 20. Such a fraction of very massive seeds is above
the predictions of the mechanisms mentioned earlier. In a more realistic scenario, in which
each AGN has a different duty cycle, one can calculate the minimal number of anomalous
SMBHs as a function of the average duty cycle. Results for such a calculation, for the
same sample of SMBHs, are shown on the right panel of Fig. 1. As is evident in the figure,
increasing the maximal seed mass or the average duty cycle (or a combination of these),
reduces the minimal number of anomalous SMBHs. Furthermore, for a given maximal seed
mass, there is a certain duty cycle above which the number of anomalous SMBHs remains
constant. This happens since some of the BHs are anomalously heavy independently of the
value of D. The left panel of the same figure shows the measured data, together with the
calculated evolution of the SMBHs’ masses over time, assuming constant L/LEdd, η = 0.1
and D = 0.5.
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Figure 1. Left panel: Time evolution of BH masses according to Eq. (2.6), under the assumption
of η = 0.1 and duty cycle D = 0.5, for the sample of 40 AGN analyzed in Ref. [60]. The gray circles
represent the measured BH masses. The black dot is the sample’s mean mass. The thin green
curves show the evolution of each SMBH in the sample. Their slopes are dictated by the ratios
L/LEdd measured for each BH, which are assumed to be constant throughout the evolution. The
thick green curve corresponds to the mean value of the sample, L/LEdd ≈ 0.6. Note that, in this
simple picture, some BHs require seed masses much larger than 106 M at z = 20. The yellow
shaded region represents the region enclosing all possible BH-growth histories if the duty cycle is
allowed to vary between 0.1 and 1. Right panel: Minimal number of BHs in the sample that
would require “anomalously” fast growth, i.e. at a rate faster than that predicted by Eq. (2.6), as a
function of the averaged duty cycle. Different colors correspond to different seed masses at z = 20.
Solid curves correspond to the reference value of accretion efficiency η = 0.1, while dotted curves
correspond to the minimal possible value of η = 0.057.
This picture of accretion with efficiency η and a constant duty cycle is rough and
possibly optimistic as it assumes constant average growth from seed formation until late
redshifts. This is probably not true. The accretion process is likely to occur in bursts with
varying duty cycles. Specifically, some recent studies suggest that the most massive SMBHs
experience most of their growth at very early epochs (z . 6) [69, 89]. Thus, the situation
of anomalously large SMBHs, as described above, could be even more severe because one
must additionally explain the existence of both very heavy and very early-formed SMBHs.
As mentioned before, some caveats, such as possible periods of super-Eddington accretion
or additional growth through BH-BH mergers, can ameliorate the tension present in the
naive picture discussed above. Nevertheless, it is worthwhile to explore other avenues in
order to address the puzzle. In this work, we study how dissipative dark matter, with
weaker self interactions compared to those needed in the mechanism of [67], could form a
dark accretion disk and contribute to fueling the growth of SMBHs.
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3 Dissipative Dark Matter
In this section, we present a concrete and simple model of the hidden sector. This model
will be used for reference in the rest of this study, however, it should be emphasized that
the discussion in the sections to follow is generic and applies also to other (possibly more
complex) models. The only requirements of such models is that they allow for efficient
dissipation and efficient cooling for a large enough fraction of mass within the hidden
sector.
The example model we consider here involves a hidden sector which contains two dif-
ferent DM components. The dominant of these components is non-dissipative, cold DM
(CDM). The second component is composed of two fermions p′ and e′, with a mass hierar-
chy mp′  me′ . These fermions have opposite charges under some unbroken, hidden U(1)
gauge group, with fine structure constant α′. This is a simplified model mimicking QED
with protons and electrons, which allows for dissipation in the dark sector. We refer to it as
dissipative dark matter4 (DDM). We introduce no mass for the Abelian vector boson since
we are interested in a long range interaction. For simplicity, we also neglect the possibility
of kinetic mixing between the hidden vector and the SM photon. Numerous studies of this
sort of hidden sector have been presented in the literature [38, 39, 41, 43, 44, 68, 90–103].
As will be shown below, additional (possibly short-range) interactions between the hidden
proton and electron may be necessary in order for the cooling process to be efficient. As a
simple illustration of this, we consider the presence of an additional massive mediator, φ,
with mass mφ and coupling αφ.
The relic abundance of the charged heavy particles, p′ and p¯′, receives a minimal
contribution from the freeze-out [104] of annihilations into two hidden photons and into
dark electron-positron pairs. We require that such an abundance is, at most, a 5% fraction
of the total DM relic density. This bound is well within the limit derived from merging of
galactic clusters [105], and simultaniously complies with the Oort limit, which constrains the
local dark matter density; the latter has been studied in Refs. [35, 106] for the specific case
of DDM under consideration here. For a given gauge coupling and under the assumption of
thermal production, this constraint implies an upper limit on mp′ . We stress that this limit
is model dependent. For example, the addition of extra light degrees of freedom into which
the symmetric component can annihilate would reduce the freeze-out abundance of p′ and
p¯′. Regarding e′ and e¯′, being much lighter, their freeze-out relic abundance is negligible
compared to that of the dark protons. An additional production mechanism is required in
order to set an asymmetry ne′ − ne¯′ = np′ − np¯′ > 0. A large variety of such mechanisms
can be found in the literature [10, 13, 97, 107–113].
A final assumption that we make is that the hidden and the visible sectors decouple
sufficiently early in order to evade cosmological bounds on the number of relativistic degrees
of freedom (see [35] for details).
4The authors of Ref. [35] refer to the same toy model as double-disk dark matter (DDDM).
– 7 –
4 Black Hole Accretion with Dissipative Dark Matter
Under the assumption that a dissipative hidden sector exists, it might be possible to enhance
the growth rate of BHs by accretion of matter from this sector. For this to happen, a number
of requirements must be fulfilled:
1. Efficient accretion. Assuming that enough DDM reaches the direct vicinity of the
BH and forms a dark accretion disk, one needs an efficient viscosity mechanism that
allows DDM to lose angular momentum and accrete onto the BH. As explained in
Sec. 2, such a mechanism is known to exist in the visible sector, even though it is not
well understood. It is thus a reasonable assumption that a hidden dissipative sector,
which is similar enough to the visible sector, has an analogous mechanism. When
accretion does occur, it must be fast enough to allow the BH to grow efficiently,
implying a value of hidden τSal small enough to explain observations.
2. Formation of a bound substructure. Part of the DDM, originally distributed in
the entire halo, must collapse and reach the direct vicinity of the BH. This happens
as a consequence of cooling processes analogous to those in the visible gas. Whatever
model the dark sector consists of, it is essential that these cooling processes trans-
fer enough dark mass towards the SMBH. In the example discussed in the previous
section, the hidden electrons, e′, are cooled more rapidly than the hidden protons,
p′. To ensure an efficient overall cooling, it is therefore essential that the two species
remain in thermal equilibrium during the process. The total mass that is eventually
bound in the dark accretion disk depends on the initial DDM density profile and
on the radius of influence around the BH, i.e. the maximal radius at which a cold
DDM particle cannot escape the BH’s gravitational potential. We denote by τcool the
timescale for the DDM to reach the region within the BH’s radius of influence. For
any redshift, this cooling time must be shorter than the age of the universe at that
redshift, τcool . τuniv, but larger than the equilibration time, τeq . τcool, in order for
accretion to ignite.
3. Large duty cycles. Once the DDM substructure forms, it can accrete onto the
BH. We denote by τacc the timescale for the accretion of the mass within the bound
substructure. This accretion timescale must be shorter than the age of the universe
for any redshift, τacc . τuniv. At the same time, the cooling timescale must be of
order, or shorter than the accretion timescale, τcool . τacc, in order to allow for the
formation of a long lasting dark disk (otherwise any formed disk will be accreted
before additional mass reaches its vicinity). The dark duty cycle, Dh, should depend
on the ratio τacc/τcool, and is expected to be unity when the rate of cooling is faster
than the accretion rate, i.e. when τcool < τacc.
We begin with a calculation of the BH growth rate requiring only point (1) and assuming
that points (2) and (3) are automatically satisfied. The calculation is a simple generalization
of that presented in Sec. 2 and is meant to provide an intuitive picture. We then consider
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the additional constraints arising from requirements (2) and (3) and study the resulting
available parameter space in the simple DDM model we consider. In what follows, we
discuss these requirements in more detail.
4.1 Accretion from an Existing Dark Accretion Disk
Accretion disks are the most efficient way to accrete matter with net angular momentum
onto a compact object such as a BH. In analogy with the visible sector, DDM, whose
properties mimic those of baryons, can be expected to have similar viscous properties and
to enhance the accretion rate. Following the simple prescription of Sec. 2, the luminosity,
L from Eq. (2.1), now receives two contributions,
L→ Lv + Lh, (4.1)
where the superscripts v and h correspond to the visible and hidden sectors respectively.
Since the BH efficiency, η, depends solely on the BH spin [77], Eqs. (2.1) and (2.5) still
hold. Extending the definition of the Eddington luminosity to the hidden sector, one can
write the time averaged BH growth rate as
〈M˙BH〉 = 1− η
η
(
Dv
Lv
LvEdd
+ ζDh
Lh
LhEdd
)
MBH
τSal
, (4.2)
where we have introduced the duty cycles Dv and Dh in both sectors. ζ is the ratio of the
Eddington luminosities in the respective sectors,
ζ ≡ L
h
Edd
LvEdd
=
σT /mp
σ′T /mp′
, (4.3)
with σ′T the hidden-sector equivalent of the Thomson cross section, σ
′
T = (8pi/3)(α
′2/m2e′).
Extending the standard assumption of exponential growth [60] to the hidden sector,
we take both Lv/LvEdd and L
h/LhEdd to be constant. Taking MBH(t = 0) = Mseed and
neglecting the effects of substructure, i.e. assuming the duty cycle is constant (we will relax
this assumption below), Eq. (4.2) can be integrated to obtain
log
(
MBH
Mseed
)
=
(1− η)
η
(
Dv
Lv
LvEdd
+Dhζ
Lh
LhEdd
)
t
τSal
. (4.4)
This predicts the BH mass at time t, given the contribution of the DDM which is quantified
by three parameters, ζ, Dh and Lh/LhEdd.
In accordance with Ref. [60], we set η = 0.1, take values of the visible duty cycle between
0.1−1, and begin by consideringMseed ≤ 104M at redshift zseed = 20. We further assume
that the hidden accretion rate does not exceed the Eddington limit. Thus, the quantity
DhLh/LhEdd falls in the range 0−1. For each of the 40 measured AGN presented in Ref. [60],
the ranges of the various parameters above yield a range of consistent ζ via Eq. (4.4). The
intersection of all these ranges is translated into a lower bound ζ & 0.45. Given the value
σT /mp ' 0.4 cm2/g in the visible sector, the bound on ζ implies
σ′T
mp′
. 0.9 cm
2
g
(4.5)
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in the hidden sector. Allowing for yet larger seed BH masses, Mseed ≤ 106M, the upper
bound on σ′T /mp′ grows roughly by a factor of two.
It should be noted that Eq. (4.5) refers to the Thomson cross section for the scattering
of dark photons off of dark electrons, not to be confused with the self-interaction cross
section for DM-DM processes, σ, often studied in the literature. The latter, for p′ − p′
scattering mediated by a dark photon, is σ ∼ (me′/mp′)2σ′T  σ′T and, combined with the
fact that the p′s constitute only a 5% fraction of the total dark matter, has very little effect
on the galactic structure. Thus, the resulting DM-DM scattering is of no concern for this
study.
4.2 Additional Conditions for the Formation of a Dark Accretion Disk
Next, we address points (2) and (3) presented at the beginning of the section, namely the
formation of a bound substructure, equilibration of DDM and the requirement of large duty
cycles. We begin by considering an initial DDM density profile in hydrostatic equilibrium.
This will be the basis for a conservative estimate of the DDM mass that can collapse down
to form an accretion disk after cooling. We then estimate the timescales corresponding to
cooling, equilibration and accretion, and assess the conditions that allow large duty cycles.
4.2.1. The Initial DDM Density Profile
In this section, we describe the configuration of the initial DDM galactic profile within
the gravitational potential of the dominant CDM component. This provides an estimate of
the amount of DDM mass in the vicinity of the central SMBH, which will be used below
to determine the BH growth rate originating from DDM accretion. The DDM is expected
to cool and collapse onto a disk from this initial spherical configuration. However, in this
study we do not attempt to analyze the details of this collapse process, but instead only
provide conservative estimates.
We denote with MgalDM, M
gal
DDM, M
gal
CDM the total DM, DDM and CDM mass in the
galactic halo, respectively. Following the analyses of Refs. [35, 36], we assume that only a
fraction,
 ≡MgalDDM/MgalDM ∼ 0.05, (4.6)
of the DM mass is dissipative. As explained in Ref. [35], such a small fraction of DDM
evades the constraints from halo shapes and cluster interactions5. The remaining 95% is in
the form of CDM. We assume that, before the DDM component cools down to form a disk,
the configuration is spherically symmetric, with a CDM halo described by a Navarro Frenk
White (NFW) profile [114], and an isothermal spherical profile for DDM in hydrostatic
equilibrium within the CDM gravitational potential. We neglect baryonic matter.
5A stronger constraint on this fraction (of approximately 2%) exists from dynamical measurements of
stars in our local neighborhood [106]. However, this constraint applies directly to the Milky Way only.
Furthermore, it assumes a galactic dark disk which is coplanar with the stellar disk. Thus, this constraint
may not hold if any non-coplanar DDM disk breaks up via dynamical friction.
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The NFW profile is parametrized as,
ρCDM(r) =
ρ0CDM
r
Rs
(
1 + rRs
)2 , (4.7)
ρ0CDM =
(
1− 
3
)(
C3
log(1 + C)− C1+C
)
ρ¯ , ρ¯ ≡ 3M
gal
DM
4piR3vir
. (4.8)
Here, Rs is the scale radius, C ≡ Rvir/Rs the concentration parameter, MgalDM ' Mvir, and
we take the virial mass and radius to be Mvir = 1012M and Rvir = 110 kpc as reference
values. Observations [115] and simulations [116] suggest that for most galaxies, C should
range between 1 − 100, where at low redshifts the values are larger, and at redshifts of
z > 5, values decrease to C . 4 [117].
The CDM plus DDM system is governed by the hydrostatic and Poisson equations.
In App. A, we assume that the isothermal sphere is virialized and solve these equations
self-consistently. This procedure allows one to derive the shapes of both the isothermal
profile and the virial temperature as functions of the NFW concentration parameter. The
resulting DDM profile is given by
ρDDM(r) = ρ
0
DDMe
−b
(
1 +
r
Rs
)bRs/r
, (4.9)
b =
3
C2
ρ0CDM
ρ¯
T¯
Tvir
, (4.10)
where ρ0DDM ≡ ρDDM(r = 0) and T¯ ≡ GMgalDMmp′/2Rvir.
We mention here two results that are derived in App. A and are important for the
reminder of this paper: (i) For a wide range of the concentration parameter, the calculated
virial temperature is consistent with
Tvir ' T¯ = GM
gal
DMmp′
2Rvir
, (4.11)
up to an order one factor. (ii) For r . Rs, the DDM profile is constant and equal to its
central value ρ0DDM. Hereafter, we adopt a concentration parameter C = 4 for which
ρ0DDM ' 4ρ¯ =
3MgalDM
piR3vir
. (4.12)
4.2.2. Cooling and Substructure Formation
As the DDM gas cools, a substructure bound to the central SMBH is expected to form.
We define the volume of this bound DDM substructure as the region in which the thermal
velocity, vth, of these particles is smaller than the escape velocity, vesc, of the BH+DM
system. As this structure is formed, the gas cools down, and more regions of space around
the SMBH become bound. Thus, the important parameter for cooling processes is the final
– 11 –
temperature, Tf , discussed below. Solving vesc = vth, one finds the radius of the bound
substructure around the SMBH to be
RsubDDM '
Tvir
Tf
MBH
MgalDM
Rvir. (4.13)
Since this radius is much smaller than Rvir, the total DDM substructure mass can be
estimated by taking a constant density within RsubDDM, which is equal to the central value
ρ0DDM,
M subDDM '
4pi
3
ρ0DDM
(
RsubDDM
)3 ' ρ0DDM
ρ¯
(
MBH
Mvir
)2(Tvir
Tf
)3
MBH. (4.14)
Similarly to baryonic matter, the virialized light DDM particles, e′, can cool down
via inverse Compton scattering with the CMB (in this case the relic of dark radiation)
and via bremsstrahlung radiation. Assuming that these light particles are as abundant as
the heavier particles, i.e. that the number densities are equal ne′ = np′ ≡ n, the cooling
timescale due to these processes is given by (see App. B for details)
τcool ' 2
ΓComp + u
−1
0 Γbrem
, (4.15)
ΓComp ' 8pi
45
σ′T
me′
T ′40 (1 + z)
4 , Γbrem ' α′nσ′T , (4.16)
where u20 = Tvir/me′ , T ′0 is the dark CMB temperature today (which must be smaller
than roughly half of the CMB temperature of visible photons to evade cosmological con-
straints [35]), z is the redshift, and σ′T is the dark Thomson cross section, defined below
Eq. (4.3). Noting that tComp has a strong dependence on z, the prediction is that for much
of the evolution of the SMBH, Compton cooling is the dominant process. These cooling
processes remain efficient only for ionized particles; so the above holds as long as the DDM
temperature is larger than the binding energy EB ≈ α′2me′/2. However, the cooling pro-
cesses are not necessarily fast enough to allow for the gas to cool down to the binding energy
within the time elapsed between z ∼ 20 to z ∼ 4.8 (formation to measurement, roughly a
Gyr). We therefore estimate the final temperature of the gas as
Tf ' max
[
EB, Tvir exp
(
− t(z = 4.8)− t(z = 20)
τcool
)]
. (4.17)
The processes described above provide efficient cooling for the light particles, e′. If
the heavy particles, p′, are also to collapse down to smaller radii, they must follow the
lighter companions. This happens if the p′ and e′ remain in thermal equilibrium as the
latter cool down. The equilibrium can be maintained via Rutherford scattering of e′ on
p′. The timescale for this equilibration can be studied by solving the Boltzmann equations
presented in App. B, from which one can estimate
τeq ' ΓCompu
3
0 + Γbremu
2
0
2ΓRut
τcool , (4.18)
with
ΓRut ' me
′nσT ′√
8pimp′
log
(
32m2e′T
2
viru
4
0
3pi n2σT ′
)
. (4.19)
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Our expression for τeq agrees with Refs [35, 118, 119], and we have verified the validity
of this approximation against the numerical solution of the Boltzmann equations. The
requirement τeq . τcool translates into
2ΓRut & u30 ΓComp + u20 Γbrem , (4.20)
and at high redshift, where Compton cooling is dominant, reads
1 >
ΓComp
2ΓRut
u30 ∼
ργ
ρ0DDM
(
Tvir
mp′
)3/2(mp′
me′
)7/2
∼ 10−14
(
mp′
me′
)7/2
. (4.21)
Here we have used the values of the virial temperature and DDM density given in Eqns. (4.11)
and (4.12). It can be shown that the requirement, Eq. (4.21), does not hold within the rel-
evant parameter regions for a simple model with only p′, e′ and a dark photon. Specifically,
we find that Eq. (4.21) is satisfied only in the region of parameter space where τcool > tuni,
in which case the substructure formation is too slow and the dark accretion mechanism
is inefficient. Thus, a massless dark photon alone as a mediator is insufficient to provide
an equilibration rate which is fast enough to comply simultaneously with all other require-
ments. However, if there is, for example, an additional interaction which is sufficiently short
ranged so that it does not affect the accretion process, but strong enough to ensure fast
equilibrium, then a much shorter τeq can be achieved. We limit the interaction range by
considering an additional mediator, φ, heavier then the (inverse) sub-structure size. In this
case the revised rate becomes,
ΓRut → Γφ ' 64
√
2pi5 n
mp′me′
log
(
8m2e′u
2
0
m2φ
)
, (4.22)
where in the above we assumed for simplicity mφ  me′u06. Here, we have set the me-
diator’s coupling to αφ = 4pi, the maximal value allowed by unitarity, and replaced the
squared dark photon Debye mass (' 4piα′n/Tvir) within the log, by m2φ. Thus, the condi-
tion of Eq. (4.20) becomes
2 Γφ & u30 ΓComp + u20 Γbrem. (4.23)
4.2.3. Large Duty Cycles
Accretion in the hidden sector occurs only when the inequality τeq < τcool < tuniv holds.
The time it takes to accrete a substructure of mass M subDDM onto the BH can be obtained
by integrating Eq. (4.2), neglecting the contribution from the visible sector. Doing so, one
obtains,
τacc ≈ η
1− η
τSal
ζ
LhEdd
Lh
log
[
1 +
ρ0DDM
ρ¯
(
MBH
Mvir
)2(Tvir
Tf
)3]
. (4.24)
If accretion is faster than cooling, the substructure will not have enough time to form
before being accreted, in which case accretion cannot be continuous. Therefore, the hidden
6This assumption is not a necessary requirement. It is only taken here to provide an expression for the
rate, Eq. (4.22), analogous to Eq. (4.19). Once relaxed, the form of Eq. (4.22) changes, but the overall
effect on the result is negligible.
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Figure 2. Consistent region of parameters for a characteristic choice of η = 0.1 and CNFW =
4. Left panel: The dark coupling is set to α′ = αEM. The red dot represents the SM values
(αEM,me,mp). Right panel: The dark coupling is set to α′ = 0.1αEM. In the shaded blue regions
the tension in the measured SMBH mass presented in Sec. 2 is resolved under the naive assumptions
in regards to the presence of an accretion disk discussed in Sec. 4.1, while in the shaded green regions
the conditions to form an accretion disk presented in Sec. 4.2 are also met. The increasingly opaque
blue and green regions represent the regions in which we assumed different maximal seed BH mass:
lightest for Mseed = 106 M, medium for Mseed = 104 M and darkest for Mseed = 102 M. The
blue dots represent the values used to calculate the BH mass evolution shown on the left and right
panels of Fig. 3 respectively.
duty cycle is approximately the ratio of τacc and τcool with a maximal value of unity. We
define this duty cycle as
Dh = min
[
1,
τacc
τcool
]
Θ(2 Γφ − u30 ΓComp − u20 Γbrem)Θ(tuni − τcool) , (4.25)
where the step functions enforce the conditions τeq < τcool < tuniv. This expression depends
on the BH mass through τacc, and on time through the z dependence of tComp. Because of
this, when the expression for Dh is plugged into Eq. (4.2), the equation can no longer be
solved analytically as was possible for a constant Dh. Solving the integral numerically, we
obtain additional constraints on the parameter space, which are more stringent than those
obtained earlier following Eq. (4.4).
4.3 Allowed Parameter Space
We show the results of our analysis in Fig. 2 for the three parameters of our model,
{me′ ,mp′ , α′} where we have taken the mediator mass to be its minimal allowed value,
mφ = (R
sub
DDM)
−1, and the coupling to be maximal, αφ = 4pi. In the shaded blue regions,
DDM accretion together with baryonic matter accretion can account for all the 40 BH
masses of Ref. [60] measured at redshift z = 4.8, starting from various maximal seed BH
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Figure 3. The SMBH mass as a function of cosmic time, including the effect of DDM accretion,
demonstrated for two sets of parameter values from the preferred green shaded regions of Fig. 2.
Left panel: Corresponds to the values indicated by the blue dot in the left panel of Fig. 2, for the
choice of Lh = 0.7 LhEdd and for a maximal seed BH mass of 10
6M . Right panel: Corresponds
to the values indicated by the blue dot in the right panel of Fig. 2, for the choice of Lh = 0.9 LhEdd
and for a maximal seed BH mass of 104M. The gray circles represent the measured SMBH masses
from the AGN sample presented and analyzed in [60], the black dots represent the sample mean
and the thin green curves show the regression of each SMBH mass back to z ∼ 20. The curves
have been calculated assuming η = 0.1 and a visible duty cycle D = 0.5. The thick green curves
show the regression in time of the sample’s mean mass. The yellow shaded region in both panels
corresponds to the region that could be covered by allowing the visible duty cycle to vary between
0.1 and 1, while allowing for the same maximal seed BH masses as for the curves in each panel.
Bottom panels: The sample’s mean value of the hidden duty cycle, Eq. (4.25), as a function of
cosmic time, for the same parameters as in the top panels. Hidden accretion is quenched whenever
this value goes to zero.
masses between 102 − 106 M at z = 20 (different opacities correspond to different seed
masses), following the analysis we described in Section 4.1. However, this simple analysis is
based on the assumption that a dark accretion disk exists continuously, with enough DDM
at its disposal to fuel the BH growth. Once we take into account the conditions to form and
sustain a dark accretion disk, as discussed in Sec. 4.2, the available parameter space shrinks
from the blue to the green shaded regions (again with the varying opacities corresponding
to different maximal seed masses). The green region is bounded at large me′ as a result of
the requirement that the cooling time scale should be shorter than the age of the universe,
and at small me′ by the lower bound of the additional mediator mass (mφ & (RsubDDM)−1).
It is interesting to note that the SM values of me, mp and α, marked by the red dot on
the left panel of Fig. 2, are within the region consistent with the naive analysis following
Eq. (4.4), but outside of the region which takes into account the additional requirements
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to form an accretion disk. In other words, using our criteria, the SM would not efficiently
form an accretion disk. This could indicate that other, more complicated, processes (such
as turbulences, magnetohydrodynamics, etc.) could be important in our analysis. Thus, in
a more realistic scenario, blue-but-not-green regions in Fig. 2 might well allow for efficient
accretion.
Fig. 3 shows the time evolution of the SMBHmass including the effect of DDM accretion
for the sample of SMBHs considered in this study. This plot should be compared with the
left panel of Fig. 1 where the effects of DDM accretion are not included. Each panel of
Fig. 3 corresponds to different values of the parameters {me′ ,mp′ , α′} (again taking the
minimal mφ and maximal αφ), a different maximal Mseed and the curves correspond to a
chosen value of Lh/LhEdd. In each panel, the yellow shaded region corresponds to the region
where Lh/LhEdd can vary between 0 and 1, the visible duty cycle can vary between 0.1 and
1 and the maximal seed mass is held fixed. This should be understood as the region that
corresponds to all possible evolutions of SMBHs in the sample, from some maximal seed,
under the assumptions described. Clearly, the addition of DDM to the accretion history
allows for many evolution paths that reach the measured final mass without requiring too
large seeds or super-Eddington accretion. The bottom panels present the (sample averaged)
dark duty cycle as a function of cosmic time. Evidently, for some DDM parameters, DDM
accretion occurs early in cosmological time, essentially turning off later on (right panel),
while for other parameters, DDM accretion ignites at late times and contributes to later
fast growth (left panel). Observations, such as those described in Sec. 2, point towards
a scenario more similar to the former case, i.e. early fast growth. We learn that DDM
accretion, as described in this study, could provide an explanation for this early growth
phase.
5 Conclusions
We have performed a preliminary study aimed at understanding whether DDM could form
an accretion disk, and alleviate tension regarding observations of SMBHs with masses as
large as 109 M at early redshifts. Our results are based on the critical assumption that
a hidden sector which is similar enough to the visible sector can allow for a viscous disk
which accretes onto a SMBH once formed. Under this assumption, we find that there is a
region of the parameter space that allows DDM to cool and collapse down to the scale of
the accretion disk and could yield a continuous and exponential growth of the SMBH, with
fast cooling and efficient accretion. We find that for some regions in the DDM parameter
space, the accretion history for the sample of SMBHs considered, is more consistent with
the observation of early fast accretion that slows down at later times. This result is evident
in the right panel of Fig. 3 which should be compared with the left panel of Fig. 1, where
the effects of DDM accretion are not included. Our results complement the parameter space
of Ref. [35], where the authors studied the formation of a galactic DDM disk (at galactic
scales) with the same simplified DDM model.
A future dedicated numerical simulation, beyond the scope of this paper, could provide
more insight into our results. However, such a numerical study would require sub-parsec
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resolution, beyond the capabilities of current simulations. Furthermore, an additional future
study could include observationally searching for signatures of DDM accretion in the form
of an anomalous AGN-like spectrum from a seemingly dormant galaxy. This could occur
if kinetic mixing between the dark photon and the visible photon exists, and for a SMBH
which is observed while accreting DDM but no baryonic matter (or where some of the
visible light is blocked because of the galaxy’s orientation). We leave this avenue for a
future study.
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A A derivation of the initial DDM profile
In section 4.2 it was assumed that at early redshifts of z ∼ 20−30, i.e. before the formation
of an accretion disk, the DDM component was spherically symmetric and in hydrostatic
equilibrium within the gravitational potential of the CDM component. Such a system is
described by the following two equations,
~∇P = −ρDDM(~r)~∇Φ , (A.1)
∇2Φ = 4piG (ρCDM(~r) + ρDDM(~r)) . (A.2)
Here Φ(r) is the Newtonian gravitational potential, P = ρDDMT/µmp′ is the pressure of the
DDM gas with T its temperature, and µ = ρDDM/mp′nDDM ≈ ρp′/(np′ + ne′)mp′ = 1/2.
In this appendix we provide an alternative derivation of the DDM gas profile, com-
pared to that typically found in textbooks, see e.g. Ref. [120]. Unlike other derivations
in the literature, the derivation below also offers a self consistent calculation of the virial
temperature of the isothermal sphere. We consider an isothermal profile for the DDM,
parametrized as
ρDDM(r) = ρ˜ exp (−βΦ(r)) , (A.3)
where β = µmp′T . Note that the freedom to transform Φ→ Φ+constant is retained so long
as one changes the value of ρ˜ accordingly. We impose the normalization condition,
MgalDDM = ρ˜
∫
d3re−βΦ(r). (A.4)
Choosing the gauge Φ(∞) = 0, one can calculate the gravitational energy stored within a
DDM sphere,
− Egrav =
∫
d3r ρDDMΦ =
∫
d3r ρ˜e−βΦΦ = −ρ˜ ∂
∂β
∫
d3re−βΦ = MgalDDM
1
ρ˜
∂ρ˜
∂β
, (A.5)
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Figure 4. Left panel: The normalization of the CDM and DDM density profiles ρ0CDM/ρ¯ and
ρ0DDM/ρ¯ (top), and the virial temperature in units of T¯ as defined below Eq. (4.10) (bottom), each
as functions of the concentration parameter, C ≡ Rvir/Rs, as defined below Eq. (4.8). Note that
while ρ0DDM is the value of the DDM profile at the origin, ρ
0
CDM is the normalization of the divergent
NFW profile, corresponding to its value at around r ≈ 0.47 Rs. Right panel: The DDM (solid
curves) and CDM (dashed curves) density profiles as functions of the radius, for different values of
the concentration parameter C.
where in the last equality we have used Eq. (A.4). Assuming the system to be virialized,
we have,
3MgalDDM
2β
=
3
2
NDDMTvir =
1
2
Egrav, (A.6)
where NDDM = M
gal
DDM/µmp′ is the number of DDM particles within the galaxy. From
Eqns. (A.5) and (A.6) we conclude that the normalization of the isothermal sphere satisfies,
d log ρ˜
d log β
= −3. (A.7)
Together with appropriate boundary conditions, Eqns. (A.2), (A.4) and (A.7) uniquely
determine Φ, β and ρ0DDM. We specify the following boundary conditions,
Φ(∞) = 0 , Φ′(r) = GM(r)
r2
, (A.8)
the latter dictated by Newton’s second law. In the physical system of interest, it may be
assumed that ρDDM  ρCDM. Self consistency is demonstrated in the right plane of Fig. 4.
We further assume that both ρDDM and ρCDM vanish for r > Rvir. Solving Eq. (A.2) under
these assumptions, with an NFW profile, Eq. (4.7), for the CDM, one finds,
ρDDM(r) = ρ˜ exp
(
− b
1 + C
)(
1 +
r
Rs
)bRs/r
. (A.9)
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Here C is the NFW concentration parameter defined below Eq. (4.8), and b, defined in
Eq. (4.10), can be rewritten as
b =
3
C2
ρ0CDM
ρ¯
T¯
Tvir
, (A.10)
where ρ¯ = 3MgalDM/4piR
3
vir, the virial temperature is defined by Eq. (A.6) and we define a
temperature scale T¯ ≡ GMgalDMmp′/2Rvir. Note that taking r → 0, the DDM central density
is given by
ρ0DDM ≡ lim
r→0
ρDDM(r) = exp
(
C b
1 + C
)
ρ˜ . (A.11)
Eqns. (A.4) and (A.7) provide two relations that allow one to determine Tvir and ρ0DDM,
leaving C as the only free parameter of the DDM profile. The derived temperature and
profile normalizations are shown in Fig. 4.
B Temperature Evolution
For an accretion disk to form, it is necessary to cool the hidden electrons and hidden protons
sufficiently fast. In this appendix we study the conditions for this to happen.
Assuming the number density of electrons and protons is constant in time, the equation
governing the temperature evolution can be obtained from the Boltzmann equations for
the energy densities. The dissipative hidden sector introduced in Sec. 3 allows for cooling
through bremsstrahlung and through Compton scattering with the hidden CMB. Moreover,
the mass hierarchyme′  mp′ ensures that only electrons are efficiently directly cooled. The
protons can then follow the electron’s thermal bath via Rutherford scattering. Neglecting
the expansion of the universe the Boltzmann equations read
T˙e′ =
2
3
Q˙Rut − ΓComp(Te − Tγ)− Γbremme′vth , (B.1)
T˙p′ = −2
3
Q˙Rut , (B.2)
where v2th = Te′/me′ + Tp′/mp′ . The Compton and bremsstrahlung rates are given simply
by,
ΓComp =
8pi
45
σ′T
me′
T 4γ , Γbrem = α
′nσ′T , (B.3)
The heat transfer rate due to Rutherford scattering is given by (see for example the appen-
dices of Refs. [121, 122])
2
3
Q˙Rut =
me′nσ
′
T√
8pimp′v
3
th
log
(
32m2e′T
2
p′v
4
th
3pin2σ′T e2+2γ
)
(Tp′ − Te′) ≡ ΓRut(Tp′ − Te′)v−3th , (B.4)
where γ is the Euler–Mascheroni constant and we have assumed that the IR divergence of
the Rutherford scattering is regularized by the Debye mass '√4piα′n/Tp′ .
For the purpose of this study, we assume that equilibrium is reached much faster than
the cooling time of the DDM gas, in which case the cooling timescale is given by,
τcool =
∣∣∣∣∣Tp′ + Te′T˙p′ + T˙e′
∣∣∣∣∣
Tp′=Te′=Tvir
=
2
ΓComp + u
−1
0 Γbrem
. (B.5)
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The equilibration time can be estimated as the time it takes for the electron bath to reach
T ∗e′ , the temperature at which the equilibration rate becomes sizable, i.e. when the first
term on the RHS of Eq. (B.1) is of order the sum of the other two terms.
While this timescale is easily calculated numerically, it is constructive to derive an
analytical expression. As we dial up the equilibration rate, the corresponding timescale, τeq
drops and therefore T ∗e → Tvir. In this limit one finds,
τeq ≡
∣∣∣∣Tvir − T ∗eT˙e
∣∣∣∣
Tp′=Te′=Tvir
' ΓCompu
3
0 + Γbremu
2
0
2ΓRut
τcool , (B.6)
and therefore for the protons to cool sufficiently fast, one needs ΓCompu30 +Γbremu20 . 2ΓRut.
Since the LHS of this expression is proportional to the ratio of dark photon to DDM energy
density, it is large in much of the parameter space. Indeed, by using the values for the virial
temperature and DDM density obtained in App. A, it is straightforward to check that the
conditions of Sec. 4 are not satisfied if equilibration is dominated by scattering via the same
hidden photons that are responsible for the radiation of the accretion disk. In this case,
an additional (possibly short-range) coupling between the hidden electrons and protons is
necessary.
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